
U S  D a i r y  F o r a g e  R e s e a r c h  C e n t e r ,  1 9 9 6  I n f o r m a t i o n a l  C o n f e r e n c e  w i t h  D a i r y  a n d  F o r a g e  I n d u s t r i e s 53

Ruminal Cellulolytic Bacteria

Physiology, Ecology, and Beyond
Paul Weimer

Introduction
The rumen is a complex ecosystem in which feeds consumed by
the ruminant animal are digested by an active and diverse micro-
flora. The products of these fermentations are volatile fatty acids
and microbial biomass which are in turn used by the host. It is the
diversity, adaptability and mutualistic interactions among the
ruminal microbes (bacteria, protozoa and fungi) and the host that
have given ruminants a competitive edge in their ability to digest
and thrive on diets high in fiber but often low in protein.

Modern feeding practices are geared toward high production
of milk and meat, and have presented some novel challenges to the
rumen microflora. The microbial response to these challenges has
not always been satisfactory to the producer, leading to specula-
tion on how the rumen fermentation might be “improved” to
enhance both production and animal welfare. Proposals to ma-
nipulate the ruminal microflora have generally been narrow in
focus and rarely have considered the exquisite complexities of
microbial ecology. I will define our work relating to the physiol-
ogy and ecology of ruminal cellulolytic microbes and how the
information from these studies can help us to devise strategies on
how such manipulation might be–or might not be–accomplished.

Our current research focuses on three species of bacteria–
Fibrobacter succinogenes, Ruminococcus flavefaciens, and

Ruminococcus albus–that are thought to be the primary agents of
cellulose digestion in the rumen. These species were first isolated
and described over thirty years ago (Hungate 1966). So it is
somewhat surprising that until recently we had almost no quanti-
tative information regarding their cellulolytic and physiological
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Figure 2. Monomeric structures of cellulose and of sodium carboxymethylcellulose (NaCMC),
a soluble cellulose ether often used for assay of cellulolytic activity.  Although the carboxym-
ethyl group of NaCMC is shown at carbon 6 of the glucosyl moiety, it may also be located at
carbons 2 or 3 (shaded); the amount and position of the carboxymethyl substituents are
determined by the synthetic conditions used. The number n of repeating units can be up to 3000
for cellulose or 1500 for NaCMC. The latter compound resembles cellulose well enough to fool
cellulolytic enzymes (and microbiologists who believe that with this substrate they are studying
cellulose degradation). Ruminal bacteria will hydrolyze NaCMC, but cannot utilize the
hydrolytic products. Thus NaCMC can be used for assaying one type of cellulase activity, but
cannot be used for growth studies.

 properties. Most of the information that
was available had been obtained under
very artificial growth conditions (i.e.,
using high concentrations of glucose or
cellobiose as growth substrates). These
three cellulolytic species share several
common features:

• They are strictly anaerobic and
are killed by exposure to oxygen.

• They have a narrow pH range (pH
6-7) for growth.

• They require for growth certain
branched-chain volatile fatty acids (usu-
ally supplied in the rumen by amino acid
fermenting bacteria).

• They form an extracellular
glycocalyx coat that allows them to ad-
here to cellulose (Fig. 1),  a property that
appears to be essential to ruminal cellu-
lose digestion.

• Most strains are highly special-
ized nutritionally, being nearly restricted
to cellulose and its  hydrolytic products
as fermentable substrate.

Microbial Physiology of
Cellulose Digestion
Although the 1990s is the era of molecu-
lar biology, we must not lose sight of the
fact that an understanding of an
organism’s physiology and ecology are
prerequisites to any successful strategy
to improve an organism’s properties
through genetic engineering. This is
particularly true for the ruminal cellu-
lolytic bacteria, because these highly
adapted species have developed some
clever strategies for fiber digestion that
will be difficult to duplicate or improve
upon, along with some glaring weak-
nesses whose surmounting would be a
noble and reasonable goal. Failure to
distinguish between the two will result
in wasted time, effort, and research
money.

Research at this laboratory has recog-
nized the need to study the physiology
of cellulose digestion under conditions
that more closely resemble those in the
rumen environment than others had used
in the past. Ideally, these studies should
be carried out with forages themselves,
and indeed this remains one of our long-
term goals. But first we need to under-
stand the degradation of plant cell-wall
components before we can elucidate the
complexities of cell wall digestion. In
particular, we need to reexamine some

Figure 1. Electron photomicrographs of
two predominant ruminal cellulolytic bacte-
ria, Fibrobacter succinogenes S85 (top) and
Ruminococcus flavefaciens FD-1(bottom)
growing on microcrystalline cellulose. Bar
represents 2 mm.

of the misconceptions that have resulted
from overzealous interpretation of the
earlier literature. Cellulose, as the most
abundant plant cell wall component, is
the most sensible choice for these stud-
ies.

Choice of Substrate
Our approach in selecting conditions for
quantitative growth studies has differed
somewhat from those of previous work-
ers. Firstly, we wanted to use authentic
cellulose as a substrate. This would seem
logical enough, but it represented a de-
parture from most previous research. In
much of the early work, physiological
and cellulolytic characteristics of rumi-
nal microbes were determined using ei-
ther soluble, commercially-available
building blocks of cellulose (such as
glucose or the disaccharide cellobiose),
or modified cellulosic materials. These
included ball-milled cellulose (a cellu-
lose ground until all of its crystalline
structure–that is, the ordered arrange-
ment of individual chains of cellulose
into a crystalline lattice–is lost); acid-
swollen cellulose (in which crystallinity
is disrupted by prolonged treatment in
dilute acid); or even carboxymethylcel-
lulose (a cellulose that has been chemi-
cally modified to make it completely
water-soluble; Fig. 2). We chose to use
microcrystalline cellulose, a commer-
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cial derivative of cotton, that has been
treated to reduce its particle size (to
simplify handling) without sacrificing
its two most important physical proper-
ties: insolubility in water and crystalline
structure.

The Benefits of Continuous Culture
Initially we wanted to determine the
fundamental fermentation and growth
parameters of each of the major ruminal
cellulolytic species, specifically:

• How fast would each digest cellu-
lose?

• What are the product balances and
growth yields of each?

• How much substrate would each
require to remain alive in the absence of
growth?

• How were all these parameters af-
fected by the growth rate of the organ-
ism and by important environmental
factors such as pH?

The most accurate way to make these
determinations is to grow a bacterial
species in continuous culture, using a
type of bioreactor known as a chemostat
(Fig.3). In this technique, growth me-
dium is supplied at a discrete rate to a
vessel of constant working volume
whose contents are continuously mixed.
By selecting the proper concentration of
nutrient, one can obtain a homogeneous
culture in which all of the microbes are
maintained at the same growth rate, a
rate equal to the dilution rate (i.e., flow
rate divided by working volume). The
ability to pre-select the growth rate of
the organism distinguishes the chemostat
from batch cultures (the most common

way of growing microbes in the labora-
tory). In batch culture, the bacteria are
sealed in a tube with nutrient media, and
growth proceeds in a mostly uncon-
trolled fashion through a classic sequence
of phases (lag, exponential growth, sta-
tionary, death). Exponential growth oc-
curs only at the organism’s maximal
growth rate. This type of growth kinet-
ics is not representative of the real world,
because in nature microbes normally
grow at submaximal rates, usually as a
consequence of nutrient limitation
(Slater 1988).

Chemostats have been an important
tool for microbiologists for fifty years
and have been used to determine the
growth parameters for many microbial
species. They have been used to charac-
terize the growth of numerous ruminal
species–including some cellulolytic
ones–but using soluble substrate. We
wanted to examine the growth of cellu-
lolytic bacteria while they were growing
on cellulose. So our first challenge was
to develop a new type of bioreactor that
would allow us to undertake continuous
culture studies using cellulose as the
growth-limiting nutrient.

The Segmented Slurry Delivery
System
The continuous culture device we de-
veloped relied on a new type of delivery
system, which we called “segmented
slurry delivery,” in which a well-mixed
culture medium containing microcrys-
talline cellulose particles was broken
into tiny segments separated by small
bubbles of CO

2
 (Fig.4). The cellulose is

retained within the segments of medium
by the high surface tension of the aque-
ous media and is reproducibly delivered
to the reactor via a peristaltic pump at
the low rates required for these types of
growth studies. This apparatus enabled
us to determine the effect of microbial
growth rate and pH on the fermentation
parameters for two major species of
ruminal cellulolytic bacteria,
Ruminococcus flavefaciens and
Fibrobacter succinogenes (Shi and
Weimer 1992; Weimer 1993). These
data have allowed us to identify the
optimum growth rate and pH for cellu-
lose digestion by each organism (Fig.
5). Moreover, these experiments pro-

Figure 5. Response surfaces for per cent of added cellulose digested (A) and for microbial
growth yield (B; g cells/g cellulose consumed) for R. flavefaciens FD-1 as a function of
dilution rate (D, equivalent to microbial growth rate) and pH. The contours were obtained
by statistical fitting of data from 20 different chemostat runs, each at a different combination
of D and pH (Shi and Weimer, 1992). Response surfaces have also been generated for F.
succinogenes S85 (Weimer 1993).

Figure 4. Segmented slurry delivery of cel-
lulose. The device permits delivery of cellu-
lose to a culture as a growth-limiting nutri-
ent, which permits the application of
chemostat theory and the determination of
fundamental growth and fermentation pa-
rameters. To quote Tom Wolfe, “It took us
forty years to get this far!”

Figure 3. Schematic view of a continuous
culture device. Continuous supply fresh nu-
trient allows us to maintain microbes in an
active, exponential growth phase.
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vide some important information that
was not suspected from earlier studies.
I’ll give three examples that have impli-
cations for the rumen fermentation and
for prospects of its manipulation.

Cellulases: Soluble or Cell-Bound?
Numerous references in the literature
indicate that batch cultures of ruminal
cellulolytic bacteria grown with excess
cellulose substrate often contain extra-
cellular cellulase enzymes in amounts
sufficient for their purification and bio-
chemical characterization. Yet it also
has been known for a long time that
ruminal fluid itself lacks measurable
levels of cellulases. The latter observa-
tion was always justified by the claim
that cellulose in the digesta completely
adsorbed cellulases secreted by the ru-
minal bacteria.

Cultures in our cellulose-limited
chemostats also lack extracellular cellu-
lase activities. Microscopic examina-
tion of the cellulose particles in these
cultures reveals that they are completely
covered by adherent cellulolytic bacte-
ria. In other words, there are no avail-
able sites on the cellulose to adsorb
secreted cellulases (Fig. 1). This indi-
cates that ruminal cellulolytic bacteria
that are actively growing and actively
digesting cellulose do not secrete their
cellulolytic enzymes but instead retain
them at the cell surface. From an eco-
logical standpoint, this makes perfect
sense: it gives the cellulolytics the first
crack at the products of cellulose diges-
tion, and it helps the cellulolytic en-

zymes survive in an environment so rich
in extracellular proteases that most feed
protein is degraded before it can pass out
of the rumen. In light of the localization
of cellulolytic enzymes and its ecologi-
cal advantages, it is likely that attempts
to “improve” cellulolytic species to se-
crete large amounts of cellulase will not
be a productive strategy to enhancing
forage digestion.

Relative Capacities for Cellulose
Digestion
A second interesting conclusion arising
from  our chemostat studies involves the
relative cellulolytic capabilites of dif-
ferent bacterial species. Our data show
that F. succinogenes–regarded for de-
cades (with little evidence) as the king
of the ruminal cellulolytic bacterial spe-
cies–in fact is inferior to R. flavefaciens
in terms of the maximum rate of diges-
tion of crystalline cellulose (Shi and
Weimer 1992; Weimer 1993). Studies
in other labs have indicated that the third
major ruminal cellulolytic species, R.
albus, has a maximal rate of cellulose
digestion somewhat lower than those of
the other two species (Pavlostathis et al.
1988b). Yet when one compares these
rates with those of other cellulolytic
species, one finds that all the three pre-
dominant species of ruminal cellulolytic
bacteria degrade cellulose much more
rapidly than do almost any nonruminal
species–including some “benchmark”
celulolytic species (e.g., the fungus Tri-
choderma reesei) used for commercial
production of cellulases (Table 1). The
data reinforce the notion that the pre-
dominant ruminal cellulolytic species
are a specialized, highly adapted group
of microbes whose cellulolytic capabili-
ties allow them to overpower introduced
species in competition for cellulose. This
conclusion is in accord with an interest-
ing observation by Varel et al. (1995),
who introduced a huge inoculum (a six
liter fermentor-grown culture) of the
Clostridium longisporum into the emp-
tied rumens of three alfalfa-fed steers.
This strain of C. longisporum had been
isolated from the rumen and, while it
does not extensively colonize cellulose,
it degrades cellulose well in pure cul-
ture. Despite this, Varel et al. (1995)

Table 1.
Comparison of rate constants for digestion of  crystalline cellulose by various
ruminal and nonruminal microorganisms.1

Rate
Organism Source Substrate2 constant (h-1)
Clostridium thermocellum Nonruminal AV 0.16
Ruminococcus flavefaciens Ruminal SC 0.08
Fibrobacter succinogenes Ruminal SC 0.07
Ruminococcus albus Ruminal AV 0.05
Cellulomonas uda Nonruminal AV 0.027
Cellulomonas flavigena Nonruminal AV 0.006
White-rot fungi (5 species) Nonruminal Cot < 0.004
Brown-rot fungi (8 species) Nonruminal Cot < 0.002
1Data from various sources, tabulated in Weimer (1996)
2AV = Avicel microcrystalline cellulose PH 101, SC = Sigmacell 20 microcrystal cellulose, and Cot =
cotton cellulose.

“... it is likely that attempts
to ‘improve’ cellulolytic
species to secrete large
amounts of cellulase will
not be a productive strategy
to enhancing forage
digestion.”
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found that within 24 hours of introduc-
tion, this strain was not detectable any of
the three rumens. The message to an
introduced organism is clear: “Enter ye
hither, and leave all hope behind!”

Our attempts to better relate labora-
tory-scale microbiology to in vivo con-
ditions requires that the relationship be-
tween pH and cellulolysis be revisited.
In vitro studies clearly show the inabil-
ity of ruminal cellulolytic bacteria to
grow at pH values below 6 (Russell and
Dombrowski 1980). But today’s dairy
and beef animals are geared to high
production, which is usually achieved
by including high proportions of grain
in the diet, with consequent rapid fer-
mentation and low ruminal pH. Under
such conditions, fiber digestion is
strongly inhibited. Despite a strong se-
lective pressure in the natural environ-
ment, there is no indication that these
feeding regimes have resulted in the
adaptation or development of acid-tol-
erant cellulolytic species (Slyter 1986).
Thus genetic engineering of acid-toler-
ant cellulolytic species may represent a
useful strategy for improving fiber di-
gestion in modern ruminants (Russell
1988). One way to do this–the introduc-
tion of cellulolytic capabilities into acid-
tolerant noncellulolytic bacteria that
normally inhabit the rumen–may be a
worthwhile approach, but it is likely that
efficient cellulose digestion will occur
only if the engineered species display
some of the same desirable characteris-
tics of the predominant ruminal cellu-

lolytic species: adherence of cells to the
cellulose surface; retention of cellulolytic
enzymes at the cell surface; and ability
of the enzymes to degrade authentic
crystalline cellulose. In addition, the
introduced strain would have to be able
to compete effectively during times when
the rumen pH rises above pH 6 and the
native species attempt to regain control
of the cellulose fermentation.

Profiles of Fermentation Products
A third conclusion from chemostat stud-
ies is that each of the predominant rumi-
nal cellulolytic species has a character-
istic profile of fermentation products
that changes only slightly with growth
rate and pH. This is in marked contrast
to noncellulolytic species such as Strep-
tococcus bovis and Selenomonas
ruminantium, whose products vary tre-
mendously with growth rate (Table 2).
The relative constancy of product ratios
for individual cellulolytic species sug-
gests that control of the proportions of
VFAs in the rumen may be achieved by
controlling the relative populations of
cellulolytic species.

This notion is consistent with the
known effects of monensin, an antibi-
otic widely used in beef production (and
which is used in replacement heifers but
not in lactating dairy cows). Monensin
is a proton ionophore that has a number
of effects, one of which is a selective
inhibition of Gram-positive bacteria (in-
cluding most hydrogen-producing ru-
minal bacteria) and resulting enhance-

Table 2.
Reported ranges of molar yields in fermentation products of several ruminal bacteria.

na mol product/mol glucose equivalent Reference
succinate acetate propionate ethanol lactate

Cellulolytic
Fibrobacter succinogenes 22 0.74-1.28 0.16-0.56 ---- ---- ---- b
Ruminococcus flavefaciens20 0.45-0.80 0.64-0.99 ---- ---- ---- c
Ruminococcus albus 6 ---- 0.85-0.91 ---- ---- ---- d

Noncellulolytic:
Streptococcus bovis 2 ---- 0.07-0.79 ---- 0.05-0.64 0.31-1.67 e
Selenomonas ruminantium 7      0.05-0.62         0.44-1.2 0.24-1.00 ---- 0.10-1.60 f

aNumber of chemostat runs, each with a different dilution rate and/or pH
bWeimer 1993
cShi and Weimer 1992
dPavlostathis et al. 1988a
eRussell
fMelville et al.1988

“... genetic engineering of
acid-tolerant cellulolytic
species may represent a
useful strategy for
improving fiber digestion in
modern ruminants ...”
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ment of Gram-negative bacteria that
produce succinate or propionate
(Schelling 1984, Russell and Strobel
1989). In a forage-fed animal, treatment
with monensin should lead to a reduc-
tion in the population of Ruminococcus
species (which produce primarily ac-
etate) relative to F. succinogenes (which
produces primarily succinate, the major
precursor of propionate in the rumen);
the net effect would be a decrease in the
ratio of ruminal acetate relative to rumi-
nal propionate. In fact, a lowering of the
acetate/propionate ratio is one of the
distinguishing effects of monensin treat-
ment (Schnelling 1984).

While monensin has significantly
improved animal production in the beef
industry, it makes sense to consider al-
ternative options to control the ruminal
microbial population in dairy cattle for
two reasons. The first concerns public
opinion regarding the real or imagined
dangers of antibiotic use in farm ani-
mals  and milk’s historical position in
the public mind as the purest of foods.
The second involves opportunities for
manipulating the ruminal fermentation
to provide the cow with a mix of fermen-
tation products most suitable to produce
milk with properties demanded by
today’s consumers. One example of this
would be enhancing ruminal acetic acid
production to encourage mammary li-
pogenesis for production of high-fat milk
valued in the cheese industry. Increas-
ing the relative proportion of
ruminococci in the rumen may be one
way to achieve this end.

Interactions Among
Ruminal Cellulolytic
Bacteria
What are the prospects of controlling
the populations of the different cellu-
lolytic species in the rumen? We de-
cided to take a look at this, and as usual,
we started with a reductionist approach
aimed at determining the outcome of
interactions among the three predomi-
nant cellulolytic species and identifying
the mechanism underlying these inter-
actions. Again, we employed the
chemostats for these studies because in
the chemostat we can more accurately

mimic the nutritional status of the bacte-
ria. The pioneering work of Waldo et al.
(1972) revealed that ruminal cellulose
digestion follows first-order kinetics with
respect to cellulose concentration. In
other words, as long as environmental
conditions in the rumen are favorable
for growth of the cellulolytic microbes,
the rate of cellulose digestion will not be
limited by the microbes’ cellulolytic
capabilities, but by the availability of
the cellulose substrate.

We have built upon these studies by
demonstrating that available surface area
(rather than mass of cellulose per se) is
the actual determinant of the digestion
rate in vitro (Weimer et al. 1990). It is
therefore clear that, if we wish to exam-
ine interactions among ruminal cellu-
lolytic bacteria, we should do it under
conditions of cellulose limitation (i.e, in
a chemostat), not cellulose excess (i.e.,
in batch culture). Again, this is a depar-
ture from the half-dozen or so studies in
which defined mixed cultures of rumi-
nal cellulolytic species were grown in
media containing excess concentrations
of various substrates.

In our studies, we grew the three pre-
dominant ruminal cellulolytic species in
different binary (two-species) combina-
tions, using either cellulose or cello-
biose (a soluble cellulose building block)
as the growth-limiting nutrient. We chose
these substrates because the cellulolytic
species could potentially compete for
both the insoluble cellulose and the
soluble products of cellulose hydroly-
sis. For comparative purposes, we also
grew the same combinations in batch
culture containing excess (nonlimiting)
amounts of the same substrates. We
assessed the population dynamics of each
species using a variety of techniques:
unique fermentation products; charac-
teristic membrane fatty acids; and, most
useful of all, oliogonucleotide probes
directed toward strain-specific sequences
in 16S ribosomal RNA (Odenyo et al.
1994).

One of the most striking results of
these findings is that the three cellu-
lolytic species showed no synergism in
the degradation of these simple sub-
strates. The operant interaction was com-
petition, not cooperation. Moreover, the
outcome of the competition depended

“... enhancing ruminal
acetic acid production to
encourage mammary
lipogenesis for production
of high-fat milk valued in
the cheese industry.”

“One of the most striking
results of these findings is
that the three cellulolytic
species showed no
synergism in the
degradation of these simple
substrates.”
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upon both the substrate and its availabil-
ity. When substrate was in excess (i.e.,
in batch culture), each paired combina-
tion of species co-existed in roughly
equal population sizes.

Under substrate limitation, we ex-
pected competition to be much more
intense. Theoretical ecological principles
predict that one species should
outcompete the other for simple soluble
nutrients such as cellobiose. These prin-
ciples further dictate that the outcome of
the competition should be dependent
solely on the two so-called Monod
growth parameters: the maximal rate of
growth (m

max
) and the affinity constant

(K
s
, the concentration of substrate that

permits growth at half the maximal rate).
We determined these parameters from
batch culture studies, and the data sug-
gested that the outcome of the competi-
tion should be: R. flavefaciens FD-1 > F.
succinogenes S85 > R. albus 7 (Shi and
Weimer 1996a). In fact, we found that,
indeed, one species always took over the
culture (Shi and Weimer 1996b). As
expected, R. flavefaciens always sup-
planted F. succinogenes . However, R.
albus surprised us by usually (but not
always) supplanting either F.
succinogenes or R. flavefaciens . When
we characterized the population remain-
ing in the chemostat at the end of a
competition won by R. albus, we found
that that this species had adapted to have
a lower K

s
 value than the original strain,

so that the theoretical principles held up.
Interestingly, F. succinogenes or R.
flavefaciens never showed this adapta-
tion. We believe that the inherent adapt-
ability of R. albus is one factor that gives
it a selective advantage in the rumen.

The competition between these spe-
cies for cellulose was more complex.
Inoculation of two species usually
yielded stable cocultures, with one strain
predominating and the other present in
lesser, but significant, amounts (Table
3). R. flavefaciens always was more
numerous than were F. succinogenes or
R. albus, apparently because it can colo-
nize the cellulose more rapidly than can
the other two species, and because it can
grow more rapidly on cellodextrins (the
intermediate products of cellulose hy-
drolysis) (Shi and Weimer 1996c). R.
albus, which did so well in competition
for cellobiose, always was less abun-
dant than was R. flavefaciens or F.
succinogenes, apparently because it was
less effective in colonizing and hydro-
lyzing cellulose, and was probably re-
duced to growing on soluble products
released by the other species during cel-
lulose hydrolysis. The data suggest that
as the substrate becomes increasingly
complex, the number of factors that can
determine the outcome of competition
increases. This contributes to the estab-
lishment of several species with similar,
but not identical, degradative capabili-
ties.

Table 3.
Outcome of binary cocultures of F. succinogenes S85, R. flavefaciens FD-1, and R. albus 7 in cellulose-
limited chemostats.a

D Residual cellulose (g/L) Culture compositionc

Inoculation order (h-1)b pH Initial Steady-state S85  FD-1 7

Co-inoculation:
S85 + FD-1 0.049 6.44 4.50 1.23 <4.5 >95.5 —
7 + FD-1 0.016 6.79 7.08 6.55  — 85.1 14.9
7 + S85 0.024 6.27 4.44 2.39 89.9 — 10.1
7 + S85 0.020 6.10 5.59 3.53 78.1 — 21.9

Sequential:
S85, then FD-1 0.030 6.48 4.35 1.42 <4.5 >95.5 —
FD-1, then 7 0.029 6.52 5.22 1.78  — 89.2 10.7
S85, then 7 0.031 6.50 5.66 1.40 90.7 — 9.3

aSteady-state data only. Complete time-course data not shown.
bDilution rate in reciprocal hours.
cEstimated composition at end of incubation based on RNA probe data,, except for the S85/FD-1 cocultures which are based on a less
sensitive method employing characteristic membrane fatty acids.

“The data suggest that as
the substrate becomes
increasingly complex, the
number of factors that can
determine the outcome of
competition increase.”
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Onward, to the Real
World
Our laboratory studies have revealed
some of the interactions among the ru-
minal cellulolytic bacteria. The time is
now ripe for expanding these studies to
include “real” substrates (forages) and
the rumen itself. Our work is being aided
enormously by use of rRNA-directed
oligonucleotide probes to identify indi-
vidual cellulolytic species. In this work
we seek to answer four main questions:

• Do in vitro and in sacco digestion
methods yield similar kinetic results for
different cows or different diets?

• What are the quantitative associa-
tions among digestion kinetics, VFA
ratios, VFA concentrations, specific mi-
crobial populations, and milk quality?

• How much variation in these param-
eters is due to the diet, and how much is
due to the cow?

• How well can we control specific
populations by feeding and manage-
ment strategies (e.g., diet or frequency
of feeding).

By combining this information with
that gained from more fundamental stud-
ies on cell-wall structure, we will ulti-
mately be able to predict the outcome of
changes in cell wall structure on the
aspects of forage digestion that impact
milk production.
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